Magnetotactic bacteria navigate along magnetic field lines using well-ordered chains of membraneenclosed magnetic crystals, referred to as magnetosomes, which have emerged as model to investigate organelle biogenesis in prokaryotic systems. To become divided and segregated faithfully during cytokinesis, the magnetosome chain has to be properly positioned, cleaved and separated against intrachain magnetostatic forces. Here we demonstrate that magnetotactic bacteria use dedicated mechanisms to control the position and division of the magnetosome chain, thus maintaining magnetic orientation throughout divisional cycle. Using electron and time-lapse microscopy of synchronized cells of Magnetospirillum gryphiswaldense, we confirm that magnetosome chains undergo a dynamic pole-to-midcell translocation during cytokinesis. Nascent chains were recruited to division sites also in division-inhibited cells, but not in a mamK mutant, indicating an active mechanism depending upon the actin-like cytoskeletal magnetosome filament. Cryo-electron tomography revealed that both the magnetosome chain and the magnetosome filament are spilt into halves by asymmetric septation and unidirectional indentation, which we interpret in terms of a specific adaptation required to overcome the magnetostatic interactions between separating daughter chains. Our study demonstrates that magnetosome division and segregation is co-ordinated with cytokinesis and resembles partitioning mechanisms of other organelles and macromolecular complexes in bacteria.
Introduction
Magnetosomes are unique intracellular organelles used by magnetotactic bacteria to navigate along the Earth's magnetic field towards growth-favouring microoxic zones in their aquatic habitats (Jogler and Schüler, 2009 ). In Magnetospirillum gryphiswaldense MSR-1 (in the following referred to as MSR) and related magnetotactic bacteria, magnetosomes are membrane-enveloped sub-100 nm crystals of magnetite (Fe3O4) that are aligned in well-ordered chains (Jogler and Schüler, 2009; Murat et al., 2010) . Because of their complexity and resemblance to eukaryotic intracellular organelles, magnetosomes have recently emerged as model to investigate organelle biogenesis in prokaryotic systems (Faivre and Schüler, 2008; Murat et al., 2010) . Formation of functional magnetosome chains includes (i) the invagination of magnetosome membrane vesicles from the cytoplasmic membrane (Komeili et al., 2006; Katzmann et al., 2010) (ii) transport of iron into the magnetosome membrane vesicles and crystallization of magnetite (Faivre et al., 2007; , and (iii) assembly of crystals into a coherent linear chain along a dedicated cytoskeletal structure, the magnetosome filament (Frankel and Bazylinski, 2006; Komeili et al., 2006; Scheffel et al., 2006; Faivre et al., 2010) . It has been shown by a number of recent studies that each step is genetically controlled to achieve one of the highest structural levels found in a bacterial cell (Jogler and Schüler, 2009; Murat et al., 2010) .
During cytokinesis, bacterial cells have to duplicate and segregate their cellular content, such as plasmids and chromosomes (Gerdes et al., 2010; Salje et al., 2010) . Magnetotactic bacteria face the additional challenge of dividing and equipartitioning the magnetosome chain preferably to pass on the selective advantage of magnetotaxis to both daughter cells. To ensure proper distribution and equal inheritance of functional magnetosome chains during cytokinesis, the magnetosome chain has to be positioned at the cellular division site, where it will be split and separated against the cohesive forces caused by magnetostatic interactions between nascent daughter chains. However, it has remained unresolved how this is accomplished and co-ordinated with bacterial cell division.
Several recent observations suggested that magnetosome chain segregation may not occur randomly, but is subject to genetic control. Deletions of two genes were found to affect the assembly and positioning of the magnetosome chain in MSR: Loss of the actin-like MamK protein, which forms the cytoskeletal magnetosome filament, resulted in shorter, fragmented and ectopic (i.e. off-centre) chains (Katzmann et al., 2010) , whereas loss of MamJ that is thought to connect magnetosome particles to the magnetosome filament, led to agglomerate magnetosome clusters (Scheffel et al., 2006) , which were frequently mispartitioned to daughter cells by 'all-or-nothing' distribution (Scheffel and Schüler, 2007) . This implied that the MamK filament might have a crucial role in concatenating and intracellular positioning of the magnetosome chain rather than just providing a rigid scaffold (Katzmann et al., 2010) . In addition, it was noted that magnetosomes undergo dynamic localization during chain assembly (Scheffel and Schüler, 2007; Katzmann et al., 2010) . Recently, it was suggested that chain structures may perform a sudden 'jump' in position upon completion of cell division (Staniland et al., 2010) . In this study, Staniland and colleagues investigated the position of magnetosome chains throughout cell division of MSR by transmission electron microscopy, and based on the low abundance of cells with off-centered chains they concluded that the magnetosome chain may be dynamic and could move rapidly back to the centre of the cell after being cleaved.
Here we provide further evidence that magnetotactic bacteria use dedicated mechanisms for proper positioning and division of the magnetosome chain, rendering both daughter cells capable of magnetic orientation throughout the cell cycle. We demonstrate that magnetosome chain division is spatially and temporally co-ordinated with cytokinesis by recruitment and translocation of nascent chains to cellular division sites, which is followed by splitting of both the magnetosome chain and filament by asymmetric septation and unidirectional indentation. We hypothesize that this unique mechanism of asymmetric cell division and magnetosome chain cleavage represents a specific adaptation, which is required to overcome the substantial cohesive magnetostatic forces within the magnetosome chain during division of cells.
Results

Electron and time-lapse microscopy of the MSR cell cycle
Based on morphological features such as length-to-width ratios and degrees of constriction, electron micrographs of more than 50 representative cells from synchronized cultures were placed in relative order approximating the progression through cell division. This suggested a sequence of distinct events comprising (i) elongation of cells, (ii) constriction approximately at midcell, (iii) unidirectional bending and (iv) separation of newborn cells. In predivisional wild-type (WT) cells, magnetosome chains were consistently located at midcell, so that the chain became bent and eventually split into two daughter chains of approximately equal particle numbers that segregated evenly to daughter cells ( Fig. 1A) , similar as described previously (Sato et al., 1995; Yang et al., 2001; Staniland et al., 2010) . Notably, at advanced stages of constriction, the proportion of cells with two-stranded chains traversing the division site was increased ( Fig. S1 ). In contrast, DmamK cells had multiple, fragmented and shorter chains that were located randomly along the entire length of the cell at all stages. Even at late division chains often could be found close to cell poles, resulting in uneven segregation of magnetosome crystals ( Fig. 1Bvi ).
We also investigated dynamics and timing of division in living cells by time-lapse differential interference contrast (DIC) microscopy. While many cells (> 30) ceased growth and underwent spontaneous lysis during observation, in some cells (>10) the entire cycle could be followed for up to three generations. At first, extensive elongation occurred for about 120-180 min with a nearly linear length increase of about 5.4 nm per min ( Fig. 2A and B) to reach a final length of about 5 mm. Elongation was followed by a second phase lasting another 40 min, in which cells gradually constricted at midcell. Similar as observed in previous studies in MSR (Staniland et al., 2010) and M. magneticum (Yang et al., 2001) , this was accompanied by bending around the constriction point up to an angle of about 50°, which eventually resulted in fast separation ('snapping') of the two daughter cells. Acute bending and snapping proceeded very fast in less than 7 min (i.e. the time between two exposures). The entire cell cycle was completed after~260 min, with a variability of < 30 min between different dividing cells (Figs 1C and 2B, Movie S1). This doubling time is shorter than in previous studies in which doubling times were estimated by averaging one bulk population including unknown proportions of dead and slowly growing cells. In cells dividing for multiple generations, speed of growth and final cell length gradually decreased to 280 min for completion of a full cycle and a maximum length of the mother cells of 4.5 mm during microscopic examination ( Fig. 2B ). Curiously, most cells elongated asymmetrically, as one of the two poles moved faster and further relative to extracellular reference points close to the cell centre ( Fig. 2C -E, Movie S3). This resulted in pairs of daughter cells with lengths differing by 15% on average (maximum difference 60%), which Segregation of magnetosome chains during cytokinesis 1317 was also apparent from the analysis of several electron micrographs (e.g. inset Fig. 1Aiii and Bv).
In electron micrographs, strictly polar localization of magnetosome chains was only rarely observed in fully separated WT cells (inset Fig. 1Av ), again suggesting a fast translocation of chains to midcell after division. This could be explained by either (i) fast cell growth at the new pole, or (ii) intracellular movement of magnetosome chains away from the new pole as suggested recently (Staniland et al., 2010) . To identify zones of active cellular growth, we tracked the relative movement of intracellular polyhydroxybutyrate (PHB) granules in elongating cells. While PHB granules became rapidly separated at midcell, intergranular spacing remained invariant in polar regions ( Fig. 1D and Movie S2). Assuming a transiently fixed position of granules relative to the adjacent cell wall (Williams, 1959) , this argues against a polar mode of growth, but is consistent with elongation of the central sidewalls, much like in most rod-shaped bacteria having MreB (Margolin, 2009) .
Recruitment of magnetosome chains to future division sites is mediated by MamK
As the previous observations implied an active magnetosome chain translocation from new poles to midcell during cytokinesis, we asked if chain localization is governed by spatial information provided by division sites in division-inhibited cells. The b-lactam antibiotic cephalexin inhibits the septum-specific penicillin-binding-protein 3 (FtsI). This allows major parts of the divisome to assemble, whereas final septation and cell separation are blocked (Pogliano et al., 1997) . Treatment of MSR with 10 mg ml -1 cephalexin reversibly caused highly elongated (up to 62 mm) cells that still were magnetotactic as indicated by slow swimming and magnetic response. 16 h after cephalexin addition cells were on average 25.6 mm in length and exhibited up to seven stalled constriction sites, which were spaced by about one typical cell length (3.5-4 mm) and considered to be equivalent to three consecutive generations ( Fig. 3A-C) . Cryo-TEM of WT cells revealed magnetosomes adjacent to cytoskeletal magnetosome filaments, which traversed through the aseptate stalled constriction sites (Fig. 3D ). This was also shown by fluorescence microscopy of cephalexin-treated cells expressing an eGFP-MamK fusion. Fluorescence was confined to a filamentous signal running through the elongated cells, indicating that MamK filaments traverse the division plane but are not split. DAPI staining of the cephalexin-treated cells suggested that non-separated daughter cells contained properly segregated chromosomes ( Fig. 3G ), which indicates that division and separation of magnetosome chains is independent from chromosome segregation.
Many cephalexin-treated WT cells had one long central chain (~10 mm, up to 224 crystals; Fig. S2 ), which sometimes extended through neighbouring constriction sites. Frequently, 1-3 additional shorter chains (10-30 crystals) were located away from the oldest (i.e. central) division site, which were spaced by large gaps from the primary chain and coincided with younger constrictions. In contrast, cephalexin-treated cells of DmamK contained up to 19 highly fragmented short subchains (3-38 particles), which were scattered along filamentous cells (Fig. 3C ). The positions of chains or clusters were scored in cephalexin-treated cells of WT, DmamK, and DmamJ mutants as: (i) traversing (ii) adjacent, or (iii) between the nearest constriction. In the WT most chains were traversing (66.6%), whereas less were adjacent (22.2%) or between (11.1%) constriction sites (Fig. 3E ). In DmamK, only few chains were traversing (1.5%), or adjacent (17.3%), whereas the majority (81.2%) was between constrictions (Fig. 3E ). In DmamJ, only 2.2% of clusters were traversing, whereas similar numbers (43.6% and 54.2%) were either adjacent or between respectively. Comparing those frequencies with their proportions from total cell lengths (traversing:~10%, adjacent:~20%, between:~70%) revealed a strong correlation of magnetosome chain positions with constrictions in the WT, whereas in DmamJ the clusters were distributed more or less randomly along the cell length. In contrast, there was a negative bias against traversing or adjacent positions of the fragmented chains in DmamK.
To analyse whether nascent magnetosome chains originated and concatenated from division sites, or alternatively became recruited subsequent to synthesis of particles, we also followed assembly and positioning of chains after induction of magnetite biomineralization in division-inhibited cells. If 50 mM iron citrate was added to iron-starved, cephalexin-inhibited WT cells, magnetosome synthesis could be first detected by magnetic response after about 180 min (Figs 4 and S3). TEM revealed freshly nucleated small crystallites evenly scattered along the entire filament after 180-240 min. After 300 min individual crystals began to concatenate into short precursory chains, resembling the subchains of Magnetospirillum magneticum, for which extremely weak magnetostatic interaction fields were estimated . Positions of these precursor chains gradually shifted towards the blocked division sites (Figs 4 and S3). After 480 min, the majority of larger crystals was found in close proximity to constrictions, whereas smaller crystals (< 20 nm) were predominantly localized between them (Figs 4 and S3 ). Taken together, these results corroborate the notion that magnetosome chains localize dynamically, and indicate that magnetosome chains are recruited to future division sites subsequent to their synthesis by an active mechanism, which is dependent on the presence of MamK.
Magnetosome chain and magnetosome filament are cleaved by asymmetric septation driven by an arc-like Z-ring
Because the unidirectional bending and snapping of cells observed in time-lapse studies and TEM analyses indicated a putative asymmetry in divisome formation and division, structures involved in cellular and magnetosome chain division were further investigated by cryo-electron tomography (CET), which allows three-dimensional reconstruction of cells in an in vivo state having preserved all biological structures (Li and Jensen, 2009 ). About 30 synchronized cells at different stages of division were analysed by CET. We detected a local constriction of the cell envelope at midcell, which progressed down to an annular ring of 250 nm (Fig. 5A ). Intriguingly, gradual constriction was followed by unidirectional asymmetric inward growth of the peptidoglycan layer. Even in late stages of division, when the division site was already narrowed to 100 nm, both the magnetosome chain and filament were still intact and ran through the division plane. In 80% of cells, constriction started at a position preferentially opposite to chain and filament, leading to an asymmetric, wedge-like indentation of both structures. After further progression of division, single-or double-stranded magnetosome chains became split and eventually separated by acute bending and asymmetric ingrowth of the septum (Fig. 5Bi-iii) . In a very late stage also the cytoskeletal magnetosome filament became bisected (Fig. 5Aiv ). Interestingly, flagella already became subterminally inserted in cells before completion of division (Fig. 5Av ). Although magnetosome filaments and empty magnetosome membrane vesicles were present in the vicinity of septa, we failed to detect magnetite crystals close to poles immediately after septum closure and separation ( Fig. 5Av, Bii) , again suggesting that magnetosome chains had rapidly moved away from the poles towards future midcells (Fig. 5Av) .
The apparently fixed, preferentially distal localization of the division wedge relative to magnetosome chain and filament raised the question whether the observed asymmetry depends on the presence of chains. We therefore analysed different mutants of MSR deficient in magnetosome synthesis or chain formation. Asymmetric septation and cleavage did not depend on the presence of either MamK (forming the magnetosome filament) or MamJ (connecting magnetosomes to the filament), as isogenic mutants of both genes displayed the same wedge-like septal growth as observed in the WT (Fig. 6) . This was also observed in strain MSR-1B in which magnetite crystals, magnetosome membrane vesicles and the magnetosome filament are absent due to deletion of a large part of the magnetosome island (MAI) (Ullrich et al., 2005) . This suggests that the wedge-like asymmetric division is independent from the presence of magnetosome chain and filament and must be controlled by determinants encoded elsewhere in the genome.
Careful examination of individual sections from several tomograms of dividing WT cells revealed thin filaments 5-10 nm beneath the cytoplasmic membrane. These short (50-100 nm) filaments extended at constriction sites Segregation of magnetosome chains during cytokinesis 1321 parallel to the division plane. When single images were aligned into a stack, arc-like structures were found adjacent to each other when progressing in z-direction ( Fig. 5C and D) . The resulting arrangement of the arc-like filaments resembled a tight spiral or pinch as previously observed in Caulobacter crescentus, in which arc-like Z-ring structures were predicted (Li et al., 2007) . Submembrane localization of the filaments resulted in an 'M'like overall shape ( Fig. 5C and D) . Based on these characteristics and its resemblance to the ring described by Li et al. (Li et al., 2007) , we conclude that this asymmetrical arc-like structure is likely identical with the Z-ring.
Discussion
In this study we present a comprehensive analysis of the cell cycle and cytokinesis in magnetotactic bacteria. Our data suggest that magnetosome chain localization and segregation is well co-ordinated with cell division by positioning the chains to the future division site subsequent to magnetosome synthesis, which in line with previous speculations (Staniland et al., 2010) is followed by dynamic translocation of chains to midcell after division, carried out according to the scheme in Fig. 7A . In this process, the actin-like MamK protein has a key role as its presence is required for proper magnetosome chain positioning and segregation. The recruitment of chains to stalled constrictions in division-inhibited cells demonstrated that division site recognition is independent from septum formation. So far it remains unknown how division-site positioning is then determined at the molecular level. Apart from the possibility of a geometric cue provided by altered membrane curvature around the constriction site, positional information for division site formation is determined by the Z-ring, preceding the assembly of the multiprotein divisome complex during cytokinesis (den Blaauwen et al., 2008; Goley et al., 2011) . It could be envisioned that magnetosome chain localization at midcell might be controlled by early assembling components of the divisomal complex (Fig. 7A) , perhaps by direct interaction with the magnetosome filament as it has been speculated based on the discovery of a chimeric protein in which a mamK domain is fused to an ftsZ domain Katzmann et al., 2010) .
After being cleaved at midcell, daughter chains have to be translocated from new cell poles to midcell. The apparent absence of strictly polar magnetosome chain positions in fully separated cells of the WT in our and a previous study (Staniland et al., 2010) suggests that this translocation occurs very fast, i.e. within several minutes or less. Because results of our time-lapse experiments argue against (mono)polar growth, this has to be accomplished by active movement although the molecular mechanism behind this relocalization is not fully clear. There is an increasing number of examples that rapid intracellular movement of organelles, DNA molecules, and protein complexes in bacterial cells is achieved by cytomotive cytoskeletal filaments (Löwe and Amos, 2009; Gerdes et al., 2010; Savage et al., 2010) . For instance, actin-like protein filaments can govern intracellular positioning by providing a track for other proteins to move along (Salje et al., 2010) . In the related C. crescentus disintegration of the polar FtsZ complex is followed by assembly of a Z-ring in proximity of the cell centre, which depends on the activity of the cell division regulator MipZ that is also present in magnetospirilla (Thanbichler and Shapiro, 2006) . Assuming a similar mechanism of Z-ring positioning in MSR, we speculate that magnetosome chains may follow the localization of the Z-ring by and along the MamK cytoskeletal filaments (Fig. 7A) .
Protein filaments can also lead to force generation by attaching to a structure and actively moving it as a result of filament growth or shrinkage (Salje et al., 2010) . For example, the parMRC system uses bundles of actin-like ParM filaments to push plasmids to opposite poles of the cell, whereupon they are stably inherited on cell division (Salje et al., 2010) . ParM filaments are dynamically unstable unless bound to plasmids, and thus undergo cycles of growing and shrinking to search the cell space for plasmids. A similar mechanism may well apply to magnetosome chain segregation by the actin-like MamK magnetosome filaments. Instead of pushing, 'treadmilling', i.e. polar depolymerization and shrinkage of MamK filaments anchored at midcell via divisome interaction might generate pulling forces that move magnetosome chains towards future division site (Fig. 6 ). This mechanism would be also consistent with the results of previous experiments, which revealed that the assembly of MamK filaments expressed in Escherichia coli is a highly dynamic and kinetically asymmetrical process and that MamK filaments also displayed intrinsic polarity (Pradel et al., 2006) . It was also noted in this study that most MamK filaments seemed to be ended at the cellular septa, and it was suggested that short filamentous cables might nucleate at these points and make new filaments in the daughter cells. The assumption that MamK anchored at division sites may actively recruit magnetosome subchains also could explain the abundance of two-stranded chains at constriction sites in the WT, but not in DmamK (Katzmann et al., 2010) , because both ends of shrinking MamK filaments could efficiently bind precursor chains synthesized in both of the opposite halves of the predivisional cell, and then concatenate and bidirectionally move them to midcell.
Our time-lapse and electron microscopic analysis revealed that cell division in MSR displays asymmetry along two directions: (i) newborn daughter cells frequently had uneven lengths, and (ii) unidirectional bending, snapping, and septation occurred asymmetrically along the division plane. It has been suggested that length asymmetry might be a feature common to many alphaproteobacteria due to the presence of CtrA regulator, which co-ordinates the cell cycle with asymmetric division in Caulobacter (Hallez et al., 2004) , and is also present in magnetospirilla (Brilli et al., 2010) . However, it requires further clarification if the observed asymmetric division in MSR also reflects functional asymmetry and differentiation as suggested for other Alphaproteobacteria (Hallez et al., 2004) .
Cryo-electron tomography analysis indicated a preferred position of the Z-ring and septum distal to the magnetosome chain and the filament. This suggests a controlled mechanism of asymmetric division, which was independent from the presence of magnetosomes, the magnetosome filament, and any genes of the mamAB, mms6 and mamGFDC operons of the MAI. Asymmetric constriction and septation might be induced by the arcshaped Z-ring that we identified by CET. Arc-like FtsZ rings seem to be correlated with asymmetric division in distinct E. coli ftsZ mutants (Addinall and Lutkenhaus, 1996) and in cyanelle plastids of some protists, in which the Z-ring extends from one-fourth to one-half way around the cell and is located over a very asymmetrically forming septum (Sato et al., 2007) . In MSR, a FtsZ homologue (FtsZm) is encoded within the mamXY operon of the MAI (Richter et al., 2007) . Although no effect on cell division was reported so far for its deletion in MSR (Ding et al., 2009) , it is tempting to speculate that asymmetric ring structures might result from the absence of the binding domain to the membrane tether FtsA in FtsZm. This in turn might cause partial detachment of such a mixed ring from the inner membrane, and consequently, the asymmetric positioning of PG-synthesizing proteins such as FtsI (Fig. 5) .
Although bending has been observed in the division of non-magnetic spirilla (Williams, 1959) and magnetic spirilla (Yang et al., 2001; Staniland et al., 2010) , asymmetric, wedge-like constriction and septation to our knowledge has not been described before and hence appears to represent a novel and possibly unique mode of bacterial cell division. This raises the question whether this mechanism reflects a specific adaptation of magnetotactic bacteria in order to split their magnetosome chains. To physically underpin this proposition, we considered the magnetic attraction forces among magnetite crystals in a chain. In MSR, the magnetic attraction is about 40 pN in a one-stranded magnetosome chain (see blue force curve in inset of Fig. 7Bii ) and nearly twice as strong in a two-stranded magnetosome chain, but because magnetite crystals in MSR are relatively small and of roughly equidimensional habitus, these figures define rather the lower limit of magnetic attraction forces in a magnetosome chain. Larger crystals of hexagonal prismatic morphology in other magnetotactic bacteria like the magnetic vibrio MV-1 are magnetically held together by attraction forces that well exceed 100 pN (Shcherbakov et al., 1997) . On top of this, the linear continuity of the cytoskeletal MamK filament to which magnetosomes are attached, must be interrupted too, which requires either additional mechanical forces or cleavage by localized depolymerization (Vats and Rothfield, 2007) . We are not aware of a mechanism during cell division that would be capable of producing extensional forces of at least 40 pN acting from the constriction site bidirectionally along the cell axis (Erickson et al., 2010) . However, through lateral indentation of a magnetosome chain (Fig. 7Bi) , the mechanic force required to split the chain could be greatly reduced (from greater than 45 pN to less than 10 pN in the example shown in Fig. 7Bii ), owing to leverage. For this mechanism to work, the magnetosome chain must have space to bend away from the indenter. Asymmetric septation is consistent with this geometric requirement.
Recently, it has been demonstrated that intracellular positioning and segregation of bacterial organelles and macromolecular complexes, such as plasmids, chemoreceptors, carboxysomes, and PHB granules (Thompson et al., 2006; Galán et al., 2010; Savage et al., 2010) is governed by dedicated and co-ordinated mechanisms. In conclusion, this study shows that such a mechanism very likely exists also for the highly controlled positioning, division and equipartitioning of bacterial magnetosomes.
Experimental procedures
Bacterial strains, media and growth conditions Escherichia coli strain DH5a cells (Invitrogen, Karlsruhe, Germany) were used as hosts for cloning. The dap -E. coli strain BW29427 was used as donor for transformation of M. gryphiswaldense MSR-1 (WT) by conjugation. E. coli cultures were grown in lysogeny broth (LB) medium at 37°C shaking supplemented with kanamycin (50 mg ml -1 ) and 1 mM 2,6-diaminopimelic acid (Sigma-Aldrich, Switzerland) if appropriate. M. gryphiswaldense strains were routinely grown microaerobically at 30°C under moderate shaking (120 r.p.m.) in modified FSM medium or in LIM (Low iron media, modified FSM) as described (Heyen and Schüler, 2003; Faivre et al., 2007; Lang and Schüler, 2008) . For cultivation on solid media, agar was added to 1.5% (wt/vol). Kanamycin was supplied to a final concentration of 5 mg ml -1 where necessary. Cephalexin treatment to inhibit cell division was carried out in 1 ml culture volume in 6-well plates under microaerobic conditions. The minimal inhibitory concentration (MIC) of cephalexin for M. gryphiswaldense was determined to be 10 mg ml -1 by growth experiments with various concentrations of cephalexin accompanied by microscopic inspection of cell morphology, motility and viability (reversibility of the inhibitory effect after removal of the antibiotic). Optical densities and Cmag values of MSR cultures were measured turbidimetrically at 565 nm with immotile cells inactivated by the addition of formaldehyde (Fluka, Switzerland) to a final concentration of 0.1% before the measurement. For cell cycle synchronization cells were grown to stationary growth phase in 10 ml FSM hungate vials. Then half of the culture was withdrawn and diluted by fresh modified FSM medium. Cells were grown for 8-12 h at 25°C. The dilution and subsequent growth steps were repeated 4-6 times until > 80% of the cell culture were in division process as verified by light microscopy.
Iron induction experiments
Growth of cephalexin (10 mg ml -1 ) inhibited cells was performed in microaerobic environment in 24 well plates and 1 ml culture volume over night. For induction of magnetite biomineralization Fe(III)-citrate was supplemented to cells, which were iron starved at aerobic conditions and passaged 4 ¥ in LIM, at a final iron concentration of 50 mM (Scheffel et al., 2006; Faivre et al., 2007) .
Transmission electron microscopy (TEM) and CET
For conventional TEM analysis, unstained cells were absorbed on carbon coated cupper grids (Plano, Wetzlar). Bright field TEM was performed on FEI Tecnai F20 transmission electron microscope (FEI; Eindhoven, The Netherlands) at an accelerating voltage of 200 kV. Images were captured with Eagle 4096 ¥ 4096 pixel CCD camera using EMMenue 4.0 (Tietz, Gauting, Germany) and FEI software. For cryotomography FEI Tecnai F30 Polara transmission electron microscope (FEI; Eindhoven, The Netherlands), equipped with 300 kV field emission gun; Gatan GIF 2002 Post-Column Energy Filters; and 2.048 ¥ 2.048 pixel Multiscan CCD Camera (Gatan; Pleasanton, CA, USA) was used. All data collection was performed at 300 kV, with the energy filter operated in the zero-loss mode (slit width of 20 eV). Tilt series were acquired using Serial EM and FEI software. Quantifoil copper grids (Quantifoil Micro Tools GmbH, Jena) were prepared by placing a 5 ml droplet of 10-15 nm colloidal gold clusters (Sigma) on each grid for subsequent alignment purposes. Additionally a 5 ml droplet of logarithmic MSR-1 culture was added onto the prepared grid, and after blotting embedded in vitreous ice by plunge freezing into liquid ethane (temperature c. -170°C). The specimen was tilted typically about one axis with 1.5°increments over a total angular range of +/-65°. To minimize the electron dose applied to the ice-embedded specimen, data were recorded under low-dose conditions by using automated data acquisition software. The total dose accumulated during the tilt series was kept below 200 e/Å 2 . To account for the increased specimen thickness at high tilt angles, the exposure time was multiplied by a factor of 1/cos a. The pixel size in unbinned images was 0.661 at 34 000 magnification, 0.805 at 27 500 magnification and 0.979 at 22 500 magnification. Images were recorded at nominal -8 mm or -4 mm defocus.
CET data analysis
Three-dimensional reconstructions from tilt series were performed with the weighted back-projection method and further analysis of the tomograms was done using the TOM toolbox (Nickell et al., 2005) . Visualizations of the tomograms were done with Amira (http://www.amira.com) on 2 times binned volumes.
Microscopy and time-lapse experiments
Magnetospirillum gryphiswaldense strains bearing the plasmid pEK42 were grown in 15 ml polypropylene tubes with sealed screw caps and a culture volume of 11 ml to early mid-log phase. A droplet (~10 ml) of this culture was fixed to an FSM-agar pad (FSM salts supplemented with 1% agarose) and covered with a coverslip. For staining of nucleic acids, cells were incubated with 10 ng ml -1 DAPI for 10 min and immobilized as above. The immobilized cells were imaged with an Olympus BX81 microscope equipped with a 100 ¥ UPLSAPO100XO objective with a numerical aperture of 1.40 and an Orca-ER camera (Hamamatsu). For timelapse microscopy, cells were fixed on agarose pads and the coverslips with the immobilized cells were placed into a Ludin chamber (Life Imaging Services, Basel, Switzerland) filled with FSM. Cells were imaged with above mentioned microscope and set up. The cell M autofocus option was set to a range of 5 mm with widths of 1.67 and 0.2 mm for big and small steps respectively. Exposures were recorded every 7 min for 100 cycles and processed using Olympus Xcellence and the GNU Image Manipulation Program (GIMP) software.
Scoring of intracellular magnetosome chain positions
Positions of magnetosome chains in cephalexin-inhibited cells were scored (by the position of the outermost particle of a magnetosome chain/magnetosome cluster nearest to a constriction site) as either (i) traversing: within 400 nm periphery of constrictions (equivalent to the extension of membrane curvature) (ii) adjacent: within~400-800 nm away from nearest constriction (iii) between: more than 800 nm away from the nearest constriction.
Theoretical modelling of forces in a magnetosome chain
Magnetite crystals in magnetosome chains of MSR like those in M. magnetotacticum are magnetic single domains (Dunin-Borkowski et al., 1998) and have a roughly isometric habitus, which allows us to mathematically describe them as homog-enously magnetized spheres, tractable with the dipole formula. Our model magnetosome chain consists of n identical magnetosomes, each containing a ferrimagnetic core of diameter D, surrounded by a non-magnetic shell of thickness h representing the lipid-bilayer membrane of the magnetosome vesicle. Each crystal is magnetized along the chain axis and carries a magnetization equal to the saturation magnetization of magnetite at room temperature (Ms = 470 G). The magnetic dipolar interaction energy of the chain is given by 
where ri and rj are the position vectors of magnetosomes j and k respectively. In a close-packed linear chain, we have |rj -rk| = |j -k|(D + 2h), where D + 2h is the centre-to-centre distance between any two adjacent particles. Inserting a gap of clear axial distance z = g(D + 2h) between the two innermost magnetosomes (i.e. j = n/2 and k = n/2 + 1), we obtain the following expression for the magnetostatic interaction energy between two linear magnetosome chain halves separated by a gap z along the chain axis: (2)
The (axial) force Fz holding the two magnetosome chain halves together is easily obtained by taking the derivative of W(z), i.e. pulling two magnetosome chain halves apart from each other.
The maximum of Fx(z) occurs near g = 1/7 and is 1 2 / n ( ) times smaller in magnitude compared to Fz(0) (cf. Fig. 7Bii ).
